Obstructive sleep apnea (OSA) is a common sleep disorder characterized by 20 intermittent hypoxia (IH). Clinical studies have previously shown that OSA is an 21 independent risk factor for atherosclerosis. Atherogenicity in OSA patients has been 22 assumed to be associated with the NF-κB pathways. Although foam cells are 23 considered to be a hallmark of atherosclerosis, how IH as in OSA affects their 24 development has not been fully understood. Therefore, we hypothesized that IH 25 induces macrophage foam cell formation through NF-κB pathway activation. To test 26 this hypothesis, peritoneal macrophages collected from myeloid-restricted IKK-β 27 deleted mice were incubated with native LDL and exposed to either IH or normoxia. 28
INTRODUCTION 51 52
Obstructive sleep apnea (OSA) is a common sleep disorder predominant 53 in developed countries, including the United States. The prevalence of OSA in the 54 adult population in the U.S. was reported to be more than 10% (31, 43) . 55
Interestingly, OSA patients not only experience sleep fragmentation and daytime 56 sleepiness, but also have increased risks of a variety of clinical conditions, such as 57 dyslipidemia, diabetes mellitus, and cardiovascular events (11, 35, 56) . Furthermore, 58 OSA has been identified as an independent risk factor for atherosclerosis that 59 results in cardiovascular events (4, 12, 13) . 60
One of the hallmark characteristics of OSA is intermittent hypoxia (IH). 61
From large-scale clinical studies, the risk of atherosclerosis seems to be correlated 62 to the severity of OSA (20, 30) . This link between IH and atherosclerosis was 63 confirmed in animal experiments in which mice exposed to IH developed aortic 64 atherosclerotic plaques (3, 14, 15, 23, 32, 49) . The mechanism of such 65 phenomenon is not yet fully understood. However, one clinical study has already 66 demonstrated that the severity of the OSA is correlated with the serum level of 67 TNF-α, which is dependent on NF-κB activity (47). Furthermore, from observations 68 on human subjects, it has been documented that NF-κB activation contributes to 69 atherosclerosis development (8). Taken together, it has been proposed that IH 70 induces NF-κB activation, which in turn may contribute to atherogenicity in OSA 71 patients (34, 38) . This is further supported by rodent experiments in which 72 IH-exposed mice on high-fat diet (HFD) developed less atherosclerosis when 73 NF-κB p50 was deleted (15, 51) . 74
To elucidate some of the complex mechanisms of atherosclerosis 75 development, it is essential to focus on cell-specific contribution. Macrophages 76 seem to have an essential role in atherosclerosis development at all phases, from 77 early fatty streaks to advanced lesions with necrotic cores (31). The finding that 78 reduction of macrophages by CD11b-diphthelia toxin receptor or deletion of 79 macrophage colony-stimulating factor ameliorates HFD-induced atherosclerosis in 80 mice (50, 53) emphasizes the importance of macrophages in atherosclerosis. 81
Lipid-laden macrophages (foam cells) in the lesions are one of the earliest 82 histological changes in atherosclerosis (52). Foam cells play a critical role in 83
atherosclerosis development through activation of inflammatory pathways by 84 secreting pro-inflammatory mediators including IL-6 and TNF-α and simultaneously 85 recruiting immune cells and smooth muscle cells (17, 31 IKK-β-dependent NF-κB activation has been especially implicated in 96 human atherosclerosis (37). However, in spite of the importance of IH in 97 atherogenicity, to our knowledge, no one has studied the role of IKK-β on 98 IH-induced macrophage foam cell formation. Therefore, we hypothesized that IH 99 exposure elicits IKK-β-dependent NF-κB activation, which in turn induces 100 macrophage form cell formation. To test this hypothesis, we studied THP-1 cell line 101 and IKK-β knockout mice and proved that deletion of IKK-β reduces IH-induced 102 foam cell formation in murine peritoneal macrophages. 103
106
Cell culture. THP-1 cells were originally obtained from American Tissue 107
Type Cell Collection (ATCC, Manassas, VA) and were maintained in RPMI 1640 108 medium supplemented with 40 μg/ml Gentamicin (Invitrogen, Carlsbad, CA) and 109 10% fetal bovine serum (FBS; Omega Scientific, Tarzana, CA). THP-1 cells were 110 seeded at a density of 2 × 10 6 cells/ml and incubated with 50 μM of phorbol 111 12-myristate 13-acetate (PMA) for 72 hours to induce differentiation into 112 macrophages. After induction, the media was changed to low glucose (1 g/L) 113 DMEM medium free of phenol red (11054-020, Gibco, Grand Island, NY) 114 supplemented with Gentamicin and 10% FBS. We avoided phenol red because it is 115 reported to have estrogenic activity (7) induced a significant increase of lipid particles (Nile red staining) when 400 or 800 187 μg/ml of native LDL was added to the cultures (114 ± 4% in normoxia and 128 ± 3% 188 in IH for 400 μg/ml, 127 ± 3% in normoxia and 140 ± 3% in IH for 800 μg/ml; values 189 are percentages of the RFU of normoxia-exposed cells incubated without LDL; P < 190 0.05 for both comparisons, Fig. 1B) . Remarkably, IH also significantly increased 191 intracellular TC when cells were incubated with 200 μg/ml of native LDL (34.7 ± 1.2 192 μg/mg of cellular protein in normoxia and 40.1 ± 0.8 in IH; P < 0.05, Fig. 2A) . 
Ikk-β
ΔMye mice were incubated with native LDL (Fig. 4) and assayed to quantify 211 intracellular cholesterol after 24-hours in normoxia or IH (Fig. 5A-C) . TC of 212 IH-exposed macrophages from Ikk-β F/F was significantly increased compared to 213 normoxia when they were incubated with 200 μg/ml of native LDL (53.2 ± 1.2 μg/mg 214 cellular protein in normoxia and 65.7 ± 3.8 in IH; P < 0.05, Fig. 5A ). However, IH did 215 not increase TC when IKK-β was deleted (46.3 ± 1.7 μg/mg cellular protein in 216 normoxia vs. 52.2 ± 1.2 in IH; P = 0.55, Fig. 5A ). We also observed a significant, 217 formation in vitro (28, 31). Furthermore, it has been shown that IH activates the 248 NF-κB pathways in various types of cells (1, 21, 32, 41, 46, 48, 55) . Other data 249 demonstrated that activation of the NF-κB pathways contributed to foam cell 250 formation where they employed PMA-treated THP-1 cells with inactive NF-κB/IκBα 251 complex (16) and lipopolysaccharide-treated bone marrow-derived macrophages 252 from NF-κB1 deficient mouse (24). Therefore, we speculated that IH causes NF-κB 253 pathway activation, and in turn induces foam cell formation. In spite of the 254 importance of OSA in atherogenicity, the IH-induced foam cell formation by NF-κB 255 pathway activation was not fully understood. In this study, we showed that the 256 IKK-β-dependent NF-κB activation is the pathway that causes IH-induced foam cell 257 formation by using IKK-β deleted mouse macrophages. Our results add essential 258 information to our understanding of the increased risk of cardiovascular disease in 259 OSA patients, which is now a big national health burden. 260
Evidence is growing to support the hypothesis that IH induces 261 atherosclerosis in mice on high fat diet (3, 13, 15, 23, 32, 49) . differences between our work and the work of others is that we supplemented the 268 culture medium with native LDL, which is a weaker inducer of foam cell formation 269 compared to chemically modified LDL, such as acetylated LDL, that was used by 270 other investigators (29, 32) . Since the use of chemically modified LDL for 271 cholesterol-loading experiments has been previously criticized (26, 27), we used 272 200 to 800 μg/mg of native LDL. This range of LDL concentrations is equivalent to 273 10 to 40 mg/dl in plasma, a range that is considered normal in humans. It is very 274 interesting that we were still able to observe the IH-induced effect on intracellular 275 cholesterol metabolism in spite of using relatively low concentrations of 276 non-modified LDL. 277
One of the questions that can be raised is how cholesterol enters 278 macrophages to produce foam cells. Of interest is that previous research has 279
shown that activated macrophages by PMA or M-CSF increase their native LDL 280 uptake through fluid-phase pinocytosis (2, 27, 28, 59 ). Thus, we believe that IH 281 likely works to mediate LDL uptake by this receptor-independent mechanism since 282 IH continues to induce cholesterol accumulation in macrophages even when LDLR, 283 which is the major receptor for LDL internalization, is absent. 284
The NF-κB pathways have two major activation signaling processes, 285 taken up by scavenger receptors (38). Then, internalized cholesterol is stored as 301 CE (9, 18). As an initial step in the efflux, CE is hydrolyzed to form FC (18, 40) . 302
Lastly, ABCA-1 and ABCG-1 mediate cholesterol efflux, which is facilitated by SR-BI 303 (45). Since FC can induce inflammation and cause cytotoxicity (33, 54, 60) , 304 macrophages are normally protected from accumulation of excess FC because it 305 can be injurious to them. Remarkably, IH significantly increased intracellular FC in 306 the peritoneal macrophages from mice, an effect that was not observed when IKK-β 307 was deleted. We observed a significant increase of CE but not FC in THP-1 cells. 308
The reason for this difference could be explained by the difference in intracellular 309 cholesterol metabolism between human and mouse (10), or possibly between cell 310
lines and primary cells (41). 311
Lipid assays of lesions from various stages of human and animal 312 atherosclerosis reveal a progressive intracellular FC increase in macrophages as 313 lesions become more advanced (44). Since it has been reported that constant 314 hypoxia also increases intracellular FC in murine macrophage cell lines and bone 315 marrow derived macrophages (42), further investigations are required to address 316 whether IH and constant hypoxia share similar mechanisms to increase FC, and 317 furthermore, the role of IKK-β-dependent NF-κB pathways on this. 318
There are a few limitations to our study. Firstly, we used 319 thioglycolate-elicited macrophages. Although many researchers in this field have 320 used these types of macrophages, it is known that this agent itself can induce 321 inflammation (58). However, there was no difference in NF-κB pathway activity 322
and Ikk-β ΔMye macrophages in normoxia. Bone marrow-derived 323 macrophages could be an alternative method, but M-CSF that is used to 324 differentiate cells into to macrophages is also known to augment macrophage 325 pinocytosis and induce foam cell formation (59). Secondly, IKK-β deletion in this 326 model was reported not to cause complete deletion (approximately 75% reduction 327 of the expression; 19). Nonetheless, we were still able to observe a significant 328 reduction of NF-κB pathway activation in the IH-exposed macrophages when IKK-β 329 was deleted. Thirdly, we did not address detailed mechanisms of this IH-induced 330 foam cell formation by IKK-β-dependent NF-κB activation in this study. Fourthly, 331 while the uptake of native LDL is through LDLR or micropinocytosis, but modified 332 LDL is taken up through scavenger receptors, such as SRA, CD36, and LOX-1 (38). 333
Our aim in this paper was not how to assess whether oxidized LDL was taken up 334 through these scavenger receptors. Lastly, we did not assess in this study the 335 mechanisms of uptake or the correlation between IH-induced foam cell formation 336 and atherogenicity in OSA patients, and in vivo animal experiments will be 337 necessary to address this. 
